ABSTRACT
I
ntracranial aneurysms are abnormal focal dilations of the cerebral vasculature with a prevalence approximating 2%-5%. [1] [2] [3] Complications associated with intracranial aneurysms include mass effect on adjacent structures-cranial nerves, brain stem, and so forth 4, 5 -and rupture, the most severe and frequent complication. The estimated incidence of this latter complication is approximately 1% per aneurysm and per year. 3, 6 With short-term mortality from rupture ranging from 35% to 50% and with almost half of survivors having moderate-to-severe long-term disability, 6 -8 neurosurgical and endovascular treatment could potentially be advocated for all unruptured intracranial aneurysms. However, these treatments are associated with approximate mortality rates of 3% and 2% and long-term disability rates of 15% and 5%, [8] [9] [10] respectively, so their use remains controversial. Current guidelines for recommending treatment are based on aneurysm size, location, and patient age.
11, 12 The Unruptured Cerebral Aneurysm Study suggests treating small aneurysms in locations associated with high risk of rupture and observing larger ones, up to 10 mm, in locations associated with a low risk of rupture (internal carotid, middle cerebral arteries). 6 The Population, Hypertension, Age, Size of Aneurysm, Earlier Subarachnoid Hemorrhage from Another Aneurysm, and Site of Aneurysm (PHASES) score allows the calculation of a 5-year rupture risk, depending on multiple factors. 13 This score allows a better assessment of the benefits versus risks of treatment in daily practice. However, for aneurysms considered at low risk of rupture, additional criteria are needed to discriminate those that may rupture and therefore should be treated and those that just require surveillance. Aneurysm wall motion has been suggested to potentially provide predictive information on the risk of rupture. Numerous studies reported the detection of wall motion through different imaging techniques, such as phase-contrast MRA, transcranial power Doppler ultrasonography, 4D-CTA, and 3D rotational angiography (Table). 14-33 Among these studies, some have reported an association between rupture status and wall motion. Structurally speaking, the heterogeneous thickness of the aneurysm wall and its infiltration by inflammatory cells have also been reported 34 ; whether and how these factors can modify wall motion is not understood. This article reviews the current knowledge of the association between aneurysm wall motion and rupture, the structural changes that could explain the wall motion patterns, and imaging techniques able to analyze wall motion.
ASSOCIATION BETWEEN WALL MOTION AND RUPTURE
Meyer et al 26 first suggested a possible association between wall motion patterns and aneurysm rupture. These authors retrospectively compared the flow dynamics of 6 ruptured and 10 unruptured aneurysms by using cine phase-contrast MRA. They observed that the volume of ruptured aneurysms increased more from diastole to systole than did the volume of unruptured aneurysms (51.0 Ϯ 10.0% versus 17.6 Ϯ 8.9%, P Ͻ .005), independent of aneurysm size. This study, however, is limited in its conclusions. First, it is outdated, because MR imaging has improved considerably during these past 2 decades, and cine phase-contrast MRA would not be the technique of choice today. Moreover the postprocessing technique is also outdated with regard to current standards. Second, phase-contrast techniques are prone to flow artifacts and might, therefore, mistake slow flow for wall motion. Third, this study was based on a small number of patients and was retrospective with regard to rupture status. Therefore, caution is needed in the interpretation of its results.
Using 4D-CTA, Hayakawa et al 18 observed aneurysm wall motion in 4 of 23 patients with ruptured aneurysms. During surgical clipping performed in 2 of these 4 patients, they observed that the rupture site matched the position of the wall motion detected by 4D-CTA. Ishida et al 19 studied 30 patients by using the same 4D-CTA technique and observed a pulsating bleb in 7 of 29 unruptured aneurysms and in 2 of 5 ruptured ones. Again, during surgical clipping performed in these 2 ruptured aneurysms, these authors observed that the rupture site matched the position of the pulsating bleb. These 2 studies are interesting but focused on the detection of blebs and their motion. They showed some ability to detect the rupture site when blebs ruptured but did not investigate the relation between motion and rupture. Other limitations include the following: the limited number of patients, especially in the ruptured group of the study of Ishida et al 19 ; the subjective assessment of the rupture point by the neurosurgeon not relying on precise spatial correlation; and apparent motion artifacts of immobile bone structures, possibly due to gantry rotation as emphasized by Matsumoto et al 35 in a letter to the authors. Ishida et al replied that more work was needed to validate 4D-CTA for aneurysm dynamics visualization and that this work was just a step along the path. Oubel et al 32 introduced the concept of differential pulsation, defined as the aneurysm wall motion corrected for the wall motion of the parent artery and its diameter. Using high-frame-rate DSA, these authors measured aneurysm wall motion in 18 patients with 7 ruptured aneurysms and reported a statistically significant association between this differential pulsation and the rupture status. Kuroda et al 23 found no significant difference in cardiac cycle-related volume changes between unruptured aneurysms and normal arteries assessed by 4D-CTA in 18 patients, suggesting that the differential pulsation may be a more useful indicator than the wall motion magnitude or the cardiac cyclerelated volume changes to discriminate aneurysms at high-versus-low risk of rupture. These studies suggest a possible association between aneurysm wall motion and rupture, but they share 2 limitations: the small numbers of patients studied and the aneurysms being considered retrospectively after rupture instead of prospectively considering those likely to rupture. A recent study indeed showed that aneurysm characteristics can be different before and after rupture and suggests caution with the interpretation of such results. 36 These limitations support the need for a larger study, prospective with regard to rupture status, to test whether the outcome (rupture, growth of the aneurysm, and so forth) depends on the type of wall motion. Ideally, unruptured aneurysms should be followed without treatment until they rupture, but this plan would be unethical except with patients who refuse treatment. 
ASSOCIATION BETWEEN ANEURYSM WALL CHANGES AND RUPTURE
The differences in wall motion between ruptured and unruptured aneurysms suggest differences in wall architecture or composition, including inflammatory and atherosclerotic changes and structural matrix proteins.
Wall Architecture
The aneurysm wall is histologically characterized by a loss or disruption of internal elastic lamina, intimal hyperplasia, disorganization of smooth-muscle fibers, loss of cell components, and infiltration by inflammatory cells. This latter study supports the hypothesis of a motion of greater magnitude in ruptured and preruptured aneurysms. Moreover, the elastic modulus at the aneurysm fundus being 30%-50% lower than that at the neck has been described; the fundus wall is therefore more distensible.
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Inflammatory and Atherosclerotic Changes in the Aneurysm Wall
Inflammatory changes in the aneurysm wall are characterized by leukocyte infiltration, leading to smooth-muscle cell proliferation and fibrosis. 34, 39 Smooth-muscle cells and macrophages produce matrix metalloproteinases, mostly matrix metalloproteinase-1, -2, and -9, which degrade extracellular matrix components. Early on, matrix metalloproteinases are balanced by tissue inhibitor of metalloproteinase-1 and -2, but not in late-stage aneurysms, in which the expression of matrix metalloproteinases is increased; this change leads to extracellular matrix damage, growth of the aneurysm, and rupture. [49] [50] [51] Atherosclerotic changes seem to be present in most aneurysms, and their extent correlates with aneurysm growth. Small aneurysms have atherosclerotic lesions characterized by intimal thickening due to proliferating smooth-muscle cells with few macrophages and lymphocytes, whereas large aneurysms have more advanced lesions with more cellular infiltrates and mature smooth-muscle cells. 52, 53 In addition, aneurysm smooth-muscle cells acquire a dedifferentiated phenotype similar to that in smooth-muscle cells in atherosclerotic plaques. 54 Most interesting, atherosclerosis is associated with chronic inflammation, which might explain, at least in part, the inflammatory changes.
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Structural Matrix Proteins
Collagen. Collagen content is lower in aneurysm walls than in normal arteries. In addition, the number of cross-links between collagen fibers is lower, and collagenase and elastase activities are higher in ruptured aneurysms than in unruptured ones. These comparisons raise the hypothesis that elevated collagenolytic and elastolytic activities could be predisposing factors for rupture. 58 Additionally, while expression of collagen III and IV is lower in all (unruptured and ruptured) aneurysms than in normal arteries, collagen IV expression is lower in ruptured aneurysms than in unruptured ones.
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Laminin and Fibronectin. Laminin and fibronectin are thought to maintain the structural integrity of the vessel wall by anchoring endothelial cells to the internal elastic lamina and smooth-muscle layers. Laminin is more cohesive than fibronectin and is predominant in mature vessels, whereas fibronectin is predominant in immature ones. While the expression of laminin is lower in both unruptured and ruptured aneurysms than in normal arteries, the expression of fibronectin is only higher in ruptured aneurysms, raising the hypothesis that an increased fibronectin-to-laminin ratio might contribute to rupture.
Alpha-Smooth-Muscle Actin. Alpha-smooth-muscle actin expression is lower in aneurysm walls than in normal arteries and even lower in ruptured aneurysms than in unruptured ones. In addition, and in contrast to normal arteries and unruptured aneurysms, the myocytes in ruptured aneurysms are loose and no longer arranged in tightly compacted functional bands.
Changes in structural matrix proteins raise the hypothesis that collagen III, collagen IV, and ␣-smooth-muscle actin are involved in aneurysm formation and that an increase in the fibronectin-tolaminin ratio could contribute to rupture. Because the expression of collagen IV and laminin is maximal in mature vessels whereas fibronectin is usually found in immature ones, aneurysm formation and rupture seem to be associated with an angiogenically immature vessel wall. 38 It was hypothesized that an increase in immature collagen, lower collagen content, or a less structured wall could lead to a more distensible behavior. 48 
IMAGING ANEURYSM WALL MOTION
The imaging of wall motion has multiple challenges. First, the motion itself is 3-fold: the global pulsation of the aneurysm, potential movements of focal parts of the wall (eg, blebs), and global cerebral vasculature motion during the cardiac cycle. 18, 19, 59, 60 Second, the magnitude of motion is small, and the timeframe is short; thus, techniques with high spatial and temporal resolutions are needed. Third, depending on the technique, artifacts can impair the results and they must be kept to a minimum. The radiation dose must also be considered when using dynamic x-raybased imaging modalities. Six imaging techniques can detect aneurysm wall motion, but only 4 (Table) are used in living humans. The other 2 are based on laser displacement sensor and flat panel volumetric CT. Laser displacement sensor has been used to detect aneurysm wall motion of an ex vivo animal model and a silicone phantom in 2 studies. 61, 62 Flat panel volumetric CT has been used to image posttreatment rabbit aneurysm pulsation, but though promising, this tool has never been used to image aneurysm wall motion in humans.
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The 4 techniques applied in living humans are transcranial power Doppler ultrasonography, phase-contrast MRA, 3D rotational angiography, and 4D-CTA.
Transcranial Power Doppler Ultrasonography
Transcranial power Doppler ultrasonography was developed as a tool to image blood flow in intracranial vessels. With a higher sensitivity to blood flow than color Doppler, power Doppler is more appropriate for small-vessel imaging. This technique was used by the same group of investigators to detect aneurysm pulsation in 2 in vivo studies and 1 in vitro study. The pulsation was quantified by comparing the aneurysm cross-sectional area between systole and diastole, measured by using the sonography device algorithm.
14-16 Aneurysm pulsation was detected in both in vivo studies, but its magnitude was much larger than that usually seen with other techniques and during neurosurgery. The in vitro study revealed that pulsation as seen on power Doppler depended on the device settings, introducing dependency on the operator and raising concerns about its reproducibility. 16 Moreover, some of the observed pulsation may be related to very slow intra-aneurysmal blood flow during part of the cardiac cycle, leading to the absence of a Doppler signal and hence exaggerating apparent wall motion. Other limitations of transcranial power Doppler ultrasonography are limited acoustic windows due to bone structures; additionally, 20% of patients have poor or absent acoustic windows 65 and limited spatial resolution, especially with low-frequency transducers that are required to image deep arteries. Temporal and spatial resolutions are indeed dependent on the frequency of the transducer and the depth of the structure of interest. Axial resolution is half the spatial pulse length, which is the product of the number of cycles in a pulse and the wavelength. Lateral resolution depends on the wavelength and the width of the transducer and can be improved by focusing ultrasounds; temporal resolution of Doppler depends on the pulse length, the depth of the structure of interest, and the size of the color box. 66 Since these studies were published, progress has been made in transcranial Doppler imaging, which now shows good agreement with CTA as demonstrated for intracranial vessel localization. 67 Transcranial power Doppler ultrasonography could, therefore, be re-evaluated for intracranial aneurysm imaging.
Cine Phase-Contrast MRA
Phase-contrast MRA is based on the measurement of the phase shift of blood flowing through a magnetic field gradient; the sign of the phase shift is determined by the direction of the flow. Because phase-contrast sequences are only sensitive to a given range of blood velocities that must be determined a priori, the optimal sequence must be tuned for each patient. Nevertheless, even with optimal velocity-encoding, the signal within the aneurysm could be impaired because of the highly heterogeneous intrasaccular flow. Although this technique has the advantage of not exposing the patient to ionizing radiation or contrast material, it is limited by a low sensitivity for motion depiction. Coupled with gadolinium-enhanced MRA, this technique provides information on morphologic and flow characteristics, while the temporal resolution of MRA alone is insufficient to assess aneurysm wall motion. 68 Two studies showed that aneurysm wall motion could be detected and quantified with this technique. Quantification of motion was achieved either by volume quantification for each phase 26 or by measuring the distance between the aneurysm wall and the center of the aneurysm to avoid taking global artery motion into account.
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Meyer et al 26 showed that volume modification during the cardiac cycle was larger in ruptured aneurysms than in unruptured ones. Focusing on unruptured aneurysms, Karmonik et al 27 showed that in addition to outward and inward wall displacement during the cardiac circle, there was local heterogeneity within the aneurysm wall, consisting of out-of-phase movements of some parts compared with others. Phase-contrast MRA has several limitations. First, because of the lack of standardized blood-velocity values, acquisition time is too long for clinical use. Second, its spatial resolution is low but could be improved with high-field MR imaging scanners. 27 Third, motion (of cerebral arteries during the cardiac cycle or of the patient) and flow artifacts from out-of-range velocities can decrease image quality. However, this technique is invasive, exposes the patient to ionizing radiation, and requires injection of iodinated contrast material. It is also challenging to ensure homogeneous contrast distribution inside the aneurysm during the acquisition. Because 3D rotational angiography is the most invasive technique among the 4 discussed in this review, it should probably be reserved for a subset of selected patients that still needs to be defined (eg, patients already programmed for a catheter-injected angiography could benefit from this dynamic technique).
4D-CTA
Faster gantry rotation and multidetector rows are major developments in CT technology, which have led to increased spatial and temporal resolutions. In addition, with an effective scan width of Ͼ20 and Յ160 mm, scanners with Ն64 detector rows allow continuous acquisition without table movement and subsequent 4D reconstructions. Several studies used 4D-CTA and reported successful detection of aneurysm wall motion in phantoms and in patients. Although most studies were based on electrocardiogram-gated 4D-CTA, 17-19,22-25 some reported that pulsatility imaging was also possible without gating. 20, 21 The analysis of wall motion was either qualitative with visual assessment by multiple readers or quantitative. For quantitative analysis, some authors chose to convert the original matrix into an easier-to-process "black and white" matrix. Hounsfield units that were out of a predetermined range (approximately 100 -900 HU) were substituted for zero, whereas Hounsfield units within the range were substituted for 1. This matrix could then be analyzed through segmentation of the aneurysm sac and the calculation of the aneurysm volume for each frame. 23 Other authors used nonrigid B-spline registration to obtain a motion-compensated multiphase 3D image and a deformation field for each phase. The deformation field could then be combined with aneurysm segmentation to determine wall deformation. 24 Two studies investigated the motion of cerebral arteries and showed their 2-type motion: pulsation consisting of changes in vessel volume and a positional change of the whole vessel during the cardiac cycle. 59, 60 Moreover, the direction and the amplitude of these movements differed from one artery to another in the same subject.
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4D-CTA has several advantages. First, scanners are available in almost all hospitals in developed countries. Second, the duration of the examination is very short because its acquisition lasts just a few seconds. Third, while of the same order of magnitude as the analyzed motion, its spatial resolution is high (0.25 mm for highresolution CT scans and from 0.60 to 0.80 mm for standard CT scans) 74 and its temporal resolution ranges between 75 and 150 ms. 75 Nevertheless, this technique has limitations. First, although rarely addressed in the clinical studies discussed here, the radiation dose for dynamic acquisitions can be very high. Second, intravenous iodine contrast injection is needed. Third, images can be impaired by reconstruction artifacts that are reduced with multidetector row CT scanners. To reduce these reconstruction artifacts, one could analyze wall motion by using the raw data (ie, the sinogram). The registration technique used with 3D rotational angiography is extended and adapted to 4D-CTA. 32, 33 Using the sinogram instead of reconstructed images would improve both spatial and temporal resolution appropriate for detecting small-amplitude motion.
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CONCLUSIONS
Guidelines for treatment of intracranial aneurysms need to include better tools to appropriately predict aneurysm rupture. The PHASES score provides useful information about the outcome, but other tools might help refine the rupture risk. The analysis of aneurysm wall motion seems promising for this purpose. Multiple retrospective clinical studies have shown an association between wall motion and rupture status, but there is a lack of prospective studies to assess this relationship. The hypothesis that a difference in wall motion patterns is associated with an increased risk of rupture is also theoretically supported by the demonstration of histologic alterations of the aneurysm wall, most notably thinning and loss of mural cells in the most advanced stages leading to a more distensible behavior predominantly at the fundus. This could explain why the largest motion amplitude is usually seen at the fundus. Up to now, no study has investigated the relationship between histologic changes and biomechanical properties of the wall.
With regard to imaging modalities, there is no consensus on the best available technique, but 3D rotational angiography and 4D-CTA seem the most promising because they are the least subject to flow artifacts; however, the radiation dose should not be neglected, especially in young patients. 78 For patients who need conventional angiography anyway, dynamic 3D rotational angiography would be the best available technique. Finally, the lack of standardization in imaging protocols and reconstruction algorithms should be resolved to ensure that research data are comparable.
